The analysis of nucleic acids in ancient samples is largely limited to DNA. Small noncoding RNAs (microRNAs) are known to be evolutionary conserved and stable. To gain knowledge on miRNAs measured from ancient samples, we profiled microRNAs in cryoconserved mummies. First, we established the approach on a World War One warrior, the "Kaiserj€ ager", which has been preserved for almost one century. Then, we profiled seven ancient tissue specimens including skeletal muscle, stomach mucosa, stomach content and two corpus organ tissues of the 5,300-year-old copper age mummy Iceman and compared these profiles to the presence of organ-specific miRNAs in modern tissues. Our analyses suggest the presence of specific miRNAs in the different Iceman's tissues. Of 1,066 analyzed human miRNAs, 31 were discovered across all biopsies and 87 miRNAs were detected only in a single sample. To check for potential microbiological contaminations, all miRNAs detected in Iceman samples and not present in ancient samples were mapped to 14,582 bacterial and viral genomes. We detected few hits (3.9% of miRNAs compared with 3.6% of miRNAs). Interestingly, the miRNAs with higher abundance across all ancient tissues were significantly enriched for Guanine (P value of 10-13) and Cytosine (P value of 10-7). The same pattern was observed for modern tissues. Comparing miRNAs measured from ancient organs to modern tissue patterns highlighted significant similarities, e.g., for miRNAs present in the muscle. Our first comprehensive analysis of microRNAs in ancient human tissues indicates that these stable molecules can be detected in tissue specimens after 5,300 years.
Introduction
Attempts to obtain nucleic acids from fossils as carriers of genetic information have been made for several decades, with the first ancient DNA sequence reported from a preserved skin of the extinct quagga >30 years ago (Higuchi et al. 1984) . The analysis of ancient DNA gives insights into evolutionary processes including the determination of environmental influences on the genetics of populations (Lorenzen et al. 2011) and the clarification of evolutionary relationships between different species (Greenwood et al. 2001) . While the first efforts to analyze ancient DNA have been restricted to mitochondrial and chloroplast DNA, there are an increasing number of reports on complete genomes. These paleogenomes have been utilized to determine the demographic history of archaic hominids and the relationships between past populations like the Neanderthals and Denisovans and modern humans (Green et al. 2010) . Paleogenomes can also and plant viruses detectable in human feces (Colson et al. 2010) . Moreover, RNA remains have been discovered in ancient maize kernels (Fordyce, Avila-Arcos, et al. 2013 ) and the complete ancient RNA genome of a Barley Stripe Mosaic Virus has been reconstructed (Smith et al. 2014) . Thus, these RNA molecules that are generally considered as fragile can display long-term persistence (Fordyce, Kampmann, et al. 2013) .
Important RNA molecules are small noncoding RNAs (microRNAs, miRNAs). First described in 1993 (Lee et al. 1993 ) and in 2001 described as "tiny regulators with great potential" by Ambros (2001) , miRNAs are considered far more stable than messenger RNAs (mRNAs) because of their short sequence lengths ($22 nt). Further, Landgraf et al. (2007) demonstrated in the first comprehensive miRNA tissue expression atlas that miRNAs are tissue specific. Therefore, it is legitimate to speculate that miRNAs, potentially also their tissue specificity, may be conserved over millennia. To test this hypothesis, we studied the miRNome in tissues of the Tyrolean Iceman, whose corpse has been well preserved by natural mummification. The Iceman is a 5,300-year-old Copper Age individual and was discovered in 1991 on the Tisenjoch Pass in the Italian part of the € Otztal Alps. We previously reported the complete genome sequence of the Iceman and provided evidence for recent common ancestry between the Iceman and present-day inhabitants of the Tyrrhenian Sea (Keller et al. 2012) . His DNA sequence revealed features relevant for the Iceman's phenotype, including the blood group O and lactose intolerance. The Iceman's genome was well covered, with over 95% of the three billion bases reconstructed at a low contamination below 2.5%. Since a proteome analysis of the Iceman's samples was also possible with more than 500 different proteins retrieved from brain biopsies of the Iceman (Maixner et al. 2013) , this corpse appears best suited to undertake a first comprehensive determination of miRNA abundance in ancient tissues. Comparing different profiling techniques for miRNAs such as RNA-Seq, hybridization microarrays and RT-qPCR, the largest miRNA benchmarking study to date has recently demonstrated high specificity and sensitivity of RT-qPCR amplifications, especially for miRNA targets, which have low expression levels (Mestdagh et al. 2014) . Considering the different available techniques, we opted for RT-qPCR arrays to profile 1,066 human miRNAs in different tissues from the Iceman's corpse including stomach mucosa, stomach content, muscle, and two different, yet undefined organ tissues.
Results

Pre-Analysis in the Ice Mummy of an Austrian World War One Soldier
Prior to profiling the Tyrolean Iceman's samples, we carried out a proof of concept analysis demonstrating that miRNAs can be detected in cryopreserved mummies. Specifically, we analyzed tissues from a corpse of an Austrian World War One soldier referred to as "Kaiserj€ ager", which was found in a glacier in 2004. To detect low-input RNAs, we used RT-qPCR in order to ensure very high sensitivity as well as specificity (Mestdagh et al. 2014) . Using Qiagen whole miRNome miRNA qPCR arrays, we screened 1,066 human miRNAs that were distributed over three 384 well-plates. After filtering miRNAs with Cq values >30, we detected 358 miRNAs (33.6%). Subsequently, we investigated the Iceman samples using the same protocol and performed filtering steps and quality control as previously established (Margue et al. 2015) .
Analysis Workflow of miRNAs Measured from Ancient Iceman Specimens
The analytical workflow that we carried out is summarized in figure 1. We measured pre-amplified reverse-transcribed cDNAs of seven different specimens, two of which represent biological replicates and added a mock control (blank control) to discover potential unspecific amplifications. Diluted cDNA of each specimens was then distributed across three 384 well-plates (totaling 24 different 384 well-plates) resulting in 9,216 individual qPCR reactions. Cq values were extracted, melting curves of miRNAs were quality controlled and subsequently divided into three major groups: (1) mock control positives, which were excluded, (2) negatives in mock controls and Iceman samples and (3) miRNAs that were measured from Iceman samples but not in mock controls. These miRNAs have then been further analyzed and compared with modern tissue miRNAs. Details on the different analyses are presented below.
Control for False Positive miRNA Expression by Mock Experiments
To minimize potential false positive miRNA signals, e.g., by unspecific amplification, we performed all steps of RNA processing and amplification also with water as sample input. These experiments are hereafter referred to as mock controls. Using a Cq value of 30 as threshold, we observed 214 miRNAs in the mock experiments. Next, we further investigated those mock control miRNA signals by Support Vector Machine (SVM) based quality control software. The quality criteria of this analysis include melting temperatures, peak heights, and starting and end temperatures. Out of the 214 miRNAs, our SVM analysis identified 139 miRNAs that failed the control criteria and would usually be flagged as likely false positive signals. In order to reduce false positives and to increase specificity as much as possible for the Iceman tissues, we excluded not only the 139 miRNAs, but also the remaining 75 miRNAs, which might have resulted from the enzymatic components in the reagents used for RNA processing or from overall unspecific amplifications in those particular wells of the array plates.
miRNAs Measured in Different Iceman's Tissues Biopsies were taken from five different areas from the body of the Tyrolean Iceman under sterile conditions in the Iceman's conservation cell at the South Tyrol Archaeological Museum in Bolzano, Italy. The tissues from which samples were taken included skeletal muscle, stomach mucosa, stomach content and two corpus organ tissues, hereafter referred to as corpus tissue I and II. Both corpus organ tissues were not assigned to a specific tissue type ( fig. 2 ). For both corpus tissues, we collected two biopsies and performed biological replicates of miRNAs from ancient specimens. For 384 miRNAs, positive signals were measured in at least one tissue biopsy of the Iceman. Of these, 101 were excluded since they failed the stringent SVM-based quality control. Further 87 miRNAs were present only in one tissue biopsy, 165 in two to six biopsies and 31 in all biopsies ( fig. 3) . Between the organs, we observed a considerable spectrum of miRNAs: only 82 miRNAs were detected in stomach mucosa while in the stomach content 223 miRNAs were found.
Since the results of miRNAs that are positive and, respectively, negative in different specimens depend on the choice of the Cq value threshold, we performed the same analyses not only with a value of 30, which is the recommended cutoff for pre-amplified material, but we also analyzed the data set with a Cq of 35 in order to get an overview of those miRNAs that are low or extremely low expressed. With this less stringent cut-off, the number of miRNAs present in all tissues would rise from 31 to 208 and further 374 miRNAs would have been measured in at least a single biopsy. Since a lower threshold increases the risk of false positives, we continued the downstream analysis with the more conservative and stringent threshold value of 30 cycles. A list of the miRNAs with low or very low abundance is given in supple mentary table S1, Supplementary Material online. The detailed composition of miRNomes from different tissues is presented in supplementary figure S1, Supplementary Material online.
Comparison of Human miRNAs to Microorganisms
Ancient samples can show a background resulting from bacterial contamination or commensal microflora. Therefore, we wondered whether those miRNAs being absent from the Iceman samples, present, or specific for only one tissue would match to bacteria or viruses. In detail, we mapped all miRNA sequences to 7,556 bacteria and 7,026 virus sequences of NCBI RefSeq release 74. The mapping was done first with identical matches and repeated allowing for one mismatch. Without mismatches, 2 of the 81 specific miRNAs and 2 of the 31 miRNAs detected in all specimens, and 7 of the 165 miRNAs measured from two to six specimens matched to bacterial or viral sequences. From the 468 negative miRNAs 2) along with a mock control, RT-qPCR measurement has been carried out and melting curves were subjected to quality control. Based on the quality information, miRNAs were split into three major groups, likely false positives, negatives and positives in the Iceman samples (details are provided in fig. 3 ). The filtered miRNAs were then subjected to further downstream analysis. . Again, we did not observe a significant difference and overall these results argue against a substantial influence of bacterial background. Since these results cannot rule out false positive amplifications, we also aim to develop high-throughput sequencing-based protocols for improving our understanding of ancient miRNAs.
Overlap with Modern Human Tissue Atlas
We recently compiled a human miRNA tissue distribution atlas by profiling 62 samples of 30 different organs from two corpses . We utilized this data set to infer a first comparison of miRNA profiles derived from Iceman tissues to the modern human tissue profiles. Replicated organ measurements of the modern and Iceman tissues were treated as one organ profile such that 30 times 5 comparisons have been performed. In detail, we took the sets of miRNAs present in an Iceman tissue and compared them to the 30 modern human tissues by using a Hypergeometric distribution and adjusted the significance values for multiple testing by Bonferroni correction. The analyses were carried out for those human miRNAs detected in both studies. miRNAs measured from the muscle biopsy of the Iceman matched best among all 30 human tissues to the modern muscle tissue, with 100 miRNAs overlapping between the Iceman's muscle tissue and the modern muscle tissue (adjusted P value of 9Â10 À 11
). miRNAs measured from stomach content of the Iceman showed the closest fit to small intestine of the modern tissue with 143 overlapping miRNAs (P values of 2Â10 À 11 ). Likewise, miRNAs from the stomach mucosa sample showed the best match to small intestine with 56 overlapping miRNAs (P value of 6Â10 À 5
). The miRNAs from corpus organ tissue I resembled the miRNAs in the modern lung sample with 114 overlapping miRNAs (P ¼ 5Â10 À 11 ), and miRNAs measured from corpus organ tissue II most significantly resembled miRNAs in the modern kidney with 158 overlapping miRNAs (P ¼ 2Â10 Interestingly, significant overlaps between different modern human tissues, e.g., between the muscle, fasciae and arachnoid mater were observed. Respective similarities were also scored between the Iceman's muscle tissue and arachnoid mater (adjusted P value of 9Â10
) and the dura mater (adjusted P value of 10 À 10 ). Hence, the holistic miRNA abundance profiles from the various ancient samples do not allow for an unequivocal tissue assignment but give indications on which organ a sample might belong to. Thus, we focused on a more detailed inspection of individual and specific miRNAs. As example, we consider the muscle, the sample with the largest number of specific miRNAs in the Iceman samples and compared it against the modern human tissue atlas. The bar diagrams in figure 4 depict quantile normalized expression values for selected miRNAs in the modern tissues. Respective bar diagrams of all miRNAs in modern tissues are available online. The diagram for miR-486-3p highlights that this miRNA is only expressed in modern muscle and myocardial tissue. The second diagram presents tissue expression for miR-30b-5p, another of the Iceman's muscle miRNAs. This miRNA appears to have the highest expression values in modern muscle as compared with all other tested tissues. miR-1270 is in contrast expressed to the largest extent in fascia. miR-193a-3p has the highest expression levels in adipocytes, but is also present in a number of other modern tissues. Besides the examples provided in figure 4 , we find among the Iceman's muscle miRNAs also cases with very low or no expression in any of the modern human tissues, such as hsa-miR-3135a.
Characteristics of miRNA Detected in the Iceman
Since the detected miRNAs have been naturally cryopreserved over 5,300 years, we searched for specific characteristics that may have supported the long-term conservation of these miRNAs. To this end, we compared the miRNAs that have been detected in at least two samples with miRNAs that were found in a single sample only or not at all. In detail, we analyzed the base composition, i.e., the percentage of "A", "C", "U" and "G", the length, and the minimal free energy for all miRNAs. Using unpaired two-tailed t-tests, a difference in the length of miRNAs was not observed. With respect to the free energy, we only found small differences. The free energy of the more frequently discovered miRNAs was slightly lower (P ¼ 0.003) as compared with the remaining miRNAs. However, a far more substantial difference was scored in the base composition. The "once-or not" detected miRNAs showed a significantly higher content of adenine (25.4%) than the detected miRNAs that contained 20.5% adenine
). Likewise, the "once-or not" detected miRNAs also showed a higher content of uracil (29.8%) than the more frequently detected miRNAs that contained 24.5% uracil (P ¼ 10
). By contrast, the most frequently detected miRNAs were enriched for cytosine (24.6%) and guanine (30.3%) as compared with the remaining miRNAs that contained 20.3% cytosine and 24.5% guanine (P ¼ 10 , respectively). These differences in the base composition were found across all ancient samples and were therefore independent of tissue origin. Ordering all miRNAs with respect to their average abundance in the Iceman's samples in an increasing order and investigating the GC content ( fig. 5 ) suggests that miRNAs with higher GC content also show higher overall abundance in the Iceman's miRNomes. To test whether this behavior is specific for the Iceman tissue, we performed the same analysis in our modern tissue atlas. As presented in supplementary figure S2 , Supplementary Material online, we also observed in modern tissues a trend towards a lower expression for miRNAs with lower GC content.
Discussion
In the past, the analysis of nucleic acids in ancient samples was largely limited to DNA, as the most stable carrier of genetic information, with sequencing of the mitochondrial DNA and the genome of the Neanderthal man as prominent examples (Green et al. 2008 (Green et al. , 2010 . In 2012, we reported the genome of the 5,300-year-old Tyrolean Iceman (Keller et al. 2012) . By analyzing the brain proteome of the Iceman, we demonstrated effects of DNA mutations on his proteome (Maixner et al. 2013 proteome analysis, this 5,300 old corpse appeared to be a good choice for a first attempt to measure miRNA abundances in ancient tissues. In the present study, we provide evidence that information encoded in RNA can also be identified from ancient samples as demonstrated by miRNA patterns in tissue samples taken from the Tyrolean Iceman. While we found positive signals for 31 miRNAs in all samples of the Iceman, the overall tissue pattern of the Iceman showed substantial heterogeneity with respect to both, the kind and the numbers of the detected miRNAs. In total, 283 miRNAs were present in at least one of the tissues analyzed. A key issue for the analysis of the Tyrolean Iceman's miRNome is the degree of contamination. In our previously published study on the genome of the Iceman, we provided strong evidence against a substantial contamination with modern DNA. In detail, we assessed the percentage of miscoding lesions and potential modern contamination by analyzing the mtDNA. Our analysis indicated a low potential contamination level (Keller et al. 2012 ). Finally, the Iceman's DNA sequence shares together with other Neolithic genomes ancestry with present-day inhabitants of the Tyrrhenian Sea, a hallmark common to all so far sequenced Early European Farmers (Lazaridis et al. 2014) . Due to the lack of comparable studies and the high homology among miRNAs, analogous control experiments can currently not be performed for miRNomes. However, the tissue samples for the miRNA analysis and the previous DNA analysis were taken under the same sterile conditions in the Iceman's conservation cell at the South Tyrol Archaeological Museum in Bolzano, Italy. In addition, several analyses of our miRNA data argue against a contamination with "modern" miRNAs. First, a major contamination should obliterate or diminish differences between miRNA patterns of the different specimens. The number of miRNAs found in all samples could be expected to be higher than the detected 31 miRNAs. In the same direction, one could expect less miRNAs that are found in single Iceman specimens only.
Comparison of the negative miRNAs, miRNAs measured from one Iceman tissue, two to six tissues and in all biopsies indicated that no significant accumulation of miRNAs matching to 14,582 bacterial and viral sequences (mostly complete genomes and bacterial plasmids) was found, arguing against nonspecific amplifications. To further rule out the likelihood of false positive amplifications and to gain more insights into ancient miRNAs, we plan to develop analysis strategies based on high-throughput sequencing of small noncoding RNAs in ancient specimens
Besides contamination, technical artifacts can affect miRNA profiles. Using sensitive assays such as RT-qPCR with miRNA-specific pre-amplifications can, e.g., lead to false positive signals. Crucial mock control experiments were, therefore, carried out which resulted in a total of 214 potentially false positive miRNAs. The respective miRNAs were excluded from the analysis of the Iceman samples. Respective false positive signals do, however, not jeopardize our major conclusion that single miRNAs can be detected in tissue biopsies that have been conserved for 5,300 years. To further reduce the number of false positive findings, we selected a stringent and supplier-recommended threshold of 30 Cq. By using a less stringent threshold of Cq 35, we observed more positive miRNA signals in Iceman tissues. The respective miRNAs had, however, a very low abundance close or below the detection limit, increasing the likelihood of false positives. Nevertheless, false positive or negative amplifications due to technical limitations or various biological reasons can never be entirely ruled out, especially in ancient samples. RNA-Seq data, once optimized for the minute amounts of ancient and often degraded RNAs, could additionally give insights into yet unknown and possibly extinct miRNAs and reveal new isoforms of miRNAs characteristic of ancient samples.
High-throughput approaches, including next-generation sequencing or microarrays are known to have a certain degree of bias with respect to nucleic acid composition of miRNAs . In the present study, we applied RT-qPCR to profile 1,066 human miRNAs, a technology less prone to nucleotide composition biases. We next compared the content of "A", "C", "G" and "T" and observed higher GC content in detected miRNAs in the Iceman tissues. In the same direction but to a lower degree, also the modern tissues had higher expression of GC-rich miRNAs. This has also been observed for other specimens ) using microarray technology and a similar bias has been described in previous studies (Chen et al. 2009; Kim et al. 2012; Kakimoto et al. 2016 ) potentially also suggesting that higher GC adds to extended stability of RNAs.
The differences between miRNA patterns of the different organs prompted us to compare the ancient miRNA tissue profiles with specific patterns obtained from living individuals. Mammalian miRNA tissue studies have excelled in the past decade with the first tissue miRNA collections published already in 2007 by Landgraf et al. (2007) and Liang et al. (2007) . Extending the work to more recently discovered miRNAs, we profiled human tissues for the most recent content of miRBase . The best matches between miRNA patterns of the Iceman and modern tissues were found in muscle followed by stomach content and stomach mucosa, which had the highest similarity to miRNA profiles of the small intestine of modern corpses. miRNAs measured from corpus organ tissue I matched best to the lung and miRNAs from corpus organ tissue II matched best to the kidney, each of the modern corpse. Altogether, we found significant overlaps of Iceman tissues with modern tissue patterns but also detected differences that might be attributed to the age difference of the RNA samples. This analysis included not only specific but all miRNAs with positive signals.
We implemented a web service that allows to investigate and compare each single miRNA. Using miRNAs measured in the Iceman's muscle biopsy, we further provide evidence that indeed several specific miRNAs from this sample are also observed in modern muscle. However, we also find examples of miRNAs from this biopsy that have a very low abundance in modern muscle biopsies but are present in adipocytes or fasciae. One possible explanation is that the ancient muscle biopsy contained also fasciae or even adipocytes. Another explanation of such apparently discordant results are high deviations between individuals as seen with miR-4299. This miRNA has significant expression differences between two corpses from the modern tissue atlas and along these lines, considerable fluctuations have also been shown for some miRNAs when comparing healthy individuals (Margue et al. 2015) . With respect to the internal organs of the Iceman, it is very difficult to properly distinguish between them using standard histology. It is, therefore, not possible to finally decide if the similarity between the miRNA pattern of the modern kidney and corpus organ tissue II indicates the presence of kidney tissue in the corpus organ II sample of the Iceman. At present, it is likewise difficult to decipher the origin of the large number of miRNAs that are found in the stomach content. Several of the miRNAs found in the stomach content appear to be muscle specific and may be indicative for the Iceman's last meal. Respective miRNAs are partially conserved between different animals and Homo sapiens such that the presence of muscle meat can potentially lead to positive signals for human miRNAs. In summary, we report, to our knowledge, the first comprehensive analysis of miRNAs measured from ancient human tissues. Our study shows that miRNAs can be detected in >5,300-year-old tissue specimens. Furthermore, it was possible to identify distinct miRNA profiles in samples representing five different tissue origins of the Iceman. A similarity between ancient and modern tissues is also seen in the higher GC content. Explanations include technological bias or an extended stability of GC rich miRNAs. Overall, the rigid quality control measures that were applied throughout the study resulted in relatively few tissue-or age-specific miRNAs but those were identified with highest possible confidence given the currently available technologies, limited sample amounts and challenging quality of input RNA. Several other hitches remain with respect to ancient miRNAs. It, e.g., has to be elucidated to what extent the profiles are really shaped by the long-term storage of the tissues and which miRNAs are characteristic for ancient samples compared with modern tissues. Finally, experimental approaches such as RNASequencing that could unveil the exact sequence of miRNAs from ancient samples hold some promise to deepen our preliminary understanding of miRNA abundance in ancient samples.
Materials and Methods
Sampling and Specimens
Since 1998, the Iceman's mummified body is stored under a constant atmosphere (À6 C) in a conservation chamber in the archeological museum in Bolzano, Italy (www.iceman.it). During the latest sampling campaign in November 2010, endoscopy-guided tissue biopsies have been taken and stored at À20 C in the EURAC Institute for Mummies and the Iceman, Bolzano, Italy. Initially, small muscle tissue samples (max. 100 mg) of an $100-year-old ice mummy (Kaiserj€ ager) were used for a first molecular analysis. After establishing the miRNA profiling approach with the ancient tissues and testing the feasibility of detecting miRNA in ancient human remains on the Kaiserj€ ager, the following Iceman samples were screened: muscle tissue, stomach mucosa, stomach content, two different and yet unidentified organ tissues from the Iceman's corpus.
miRNA RT-qPCR
The following tissue pieces were weighed, cut into very small pieces with disposables sterile scalpels on a clean glass plate and transferred to pre-chilled sterile Eppendorf tubes.
About 700 ll of Qiazol was added, together with 2 mmÂ5 mm sterile stainless steel beads. Tissues were lysed for 5 min at 50 Hz in a Qiagen TissueLyser. Homogenized tissues were passed through a 21-gauge syringe (10Â). From the homogenate, total RNA was extracted with the Qiagen miRNeasy kit following the manufacturer's instructions, including the on-column DNAseI digestion step. RNA was eluted in 20 ll pre-warmed 65 C H 2 O and this step was repeated once using the eluate from the first round. A H 2 O control sample was treated in parallel to the tissue samples. RNA was reverse transcribed using the miScript II kit using HiSpec buffer, to amplify only mature miRNAs. cDNAs were diluted 1:5 and subjected to pre-amplification (miRBase version 16, 1,066 miRNAs) applying the Qiagen miScript PreAmp kit according to the supplied protocols. The quality of pre-amplification was tested by running miRTC (miRNA reverse transcription control) PCRs. Quality checked preamplified templates were then subjected to Qiagen whole miRNome miRNA qPCR arrays (MIHS-3Z16ZE) distributed over 3Â384-plates and were run on a Biorad CFX 384 qPCR cycler. Only plates with successful reverse transcription and amplification (correct PCR positive control (PPC) and miRTC controls) were further analyzed. Endogenous controls (SNORD61, 68, 72, 95, 96A and RNU6B) spotted on the plates were not detectable in the Iceman samples. The quality of all melting curves was analyzed using a bioinformatics tool as described below. miRNAs in Ancient Tissue Specimens of the Tyrolean Iceman . doi:10.1093/molbev/msw291
Quality Control and Statistical Evaluation
To assess the quality of melting curves from the whole miRNome qPCRs, a Support Vector Machine (SVM)-based method based on the R "e1071" package was used. This tool is trained to discover potentially abnormal curves based on their shapes and curve features, such as the Cq values, the melting temperatures, the peak heights, and the starting and end temperatures. All information was extracted from the run files from which post-run melting curves were obtained. About 6,847 manually annotated and controlled curves were used as a training set. To assess the efficiency of this method, one-third (2,281) of this set was removed before training. Then the ROC score was computed for this training/test set combination. This process was repeated 100 times and an average ROC score was calculated to compute how efficient classifiers were (ROC score: 0.988). After training with the full set, melting curves were predicted by our tool. Although the ROC score obtained during the evaluation was very high, we wanted to keep a degree of manual inspection as an additional control step. In addition to highlight the potentially false positive hits, our tool calculated the probability of prediction of each curve computed by the SVM. If this probability was below the mean minus 1 SD of all the probabilities of prediction, the label of the curve was flagged, which means it had to be inspected manually. All other curves were labeled according to the SVM prediction as likely true positives (specific amplification) or likely false positives (e.g., by unspecific amplification, even if Cq <30 were scored). Noteworthy, this additional quality criterion has only been used to discover false positive ancient miRNAs, e.g., a miRNA with a measurable Cq value was excluded from further analysis when the corresponding melting curves were labeled likely false positive, indicating unspecific amplification. MiRNAs that were classified as false positives in the mock sample were kept as positive background signals, in order to increase the sensitivity.
Downstream Bioinformatics Analysis
The pre-processed data were further investigated using R. To calculate Euler diagrams, the Tulip tool was applied. To compare the Iceman tissue profiles to the modern miRNA tissue atlas ), a hypergeometric distribution has been calculated. The analysis relies on the information whether a certain miRNA is absent or present in the respective tissue but not on the measured intensity. Using the hypergeometric distribution, all combinations of modern to Iceman tissues were tested. Since replicates were measured in the modern tissue atlas as well as in the Iceman tissues, replicated patterns were treated as one organ such that 30 times 5 combinations were evaluated. The significance values were corrected for multiple testing using Bonferroni adjustment.
Matching to Bacteria and Viruses
Sequences of all miRNAs measured in all Iceman specimens were aligned to all 7,556 bacteria and 7,026 virus sequences of NCBI RefSeq release 74. For this step, Bowtie was used, first without any mismatches (-v 0) and then allowing for one mismatch (-v 1) and finally reporting all mappings (-a).
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
